1Introduction
Freeform Fabrication (FF) is an emerging collection of technologies also known as rapid prototyping, rapid manufacturing and solid freeform fabrication, and more broadly as a subset of additive manufacturing. In 2001 various commercially available FF technologies were used to create over 3.5 million models and prototype parts worldwide. The number of parts produced has increased by about 20% annually for the last five years. In service bureaus, 3D Systems stereolithography accounted for 44.7% of IF machines in 2002; 3D Systems laser sintering machines accounted for 13.7%.
Freeform fabrication technologies serve a well defined market niche. Applications share the common characteristics of production of parts with complex geometry in relatively small production runs. Historically, applications were limited to production of prototypes and casting inserts, since part mechanical properties and surface finish were inadequate for actual structural applications.
More recently, coupled with post processing and conversion technologies, FF has been used to produce a variety of production tooling, short-run structural parts, customized bio-engineered parts, mass-customized parts, architectural designs, archaeological replicas and artwork. 2 Prehistory of Solid Freeform Fabrication An essential element of Freeform Fabrication is layerwise creation of a part. From a review of the US patent literature, two early roots were identified: topography and photosculpture. Fig. 1 displays the overall chronology of Solid Freeform Fabrication. This chronology should not be considered complete; it indicates some (but not all) of the major time events in this rapidly changing field. One glaring omission is the extremely important government funding that was a catalyst for much of the growth in freeform fabrication. Of special note were programs at NSF like the Strategic Manufacturing Initiative in 1989, the programs of Dr. Ralph Wachter and Dr. Steve Fishman at ONR and the initiatives of Dr. Bill Coblenz and Dr. Robert Crowe at DARPA. Topography
As early as 1890, Blanther suggested a layered method for making a mold for topographical relief maps. The method consisted of impressing topographical contour lines on a series of wax plates and cutting these wax plates on these lines. After stacking and smoothing these wax sections, one obtains both a positive and negative threedimensional surface that corresponds to the terrain indicated by the contour lines. After suitable backing of these surfaces, a paper map is then pressed between the positive and negative forms to create a raised relief map. This is shown in Fig. 2 .
In a similar fashion, Perera proposed a method for making a relief map by cutting contour lines on sheets (cardboard) and then stacking and pasting these sheets to form a three-dimensional map . Further refinements of this approach are found in Zang who suggested using transparent plates with topographical detail inscribed on each plate and Gaskin6 who described a three dimensional geological teaching device. In 1972, Matsubara of Mitsubishi Motors7) proposed a topographical process that uses photo-hardening materials . In this process, a photopolymer resin is coated onto refractory particles (e.g., graphite powder or sand). These coated particles are then spread into a layer and heated to form a coherent sheet .
Light (e.g., Mercury vapor lamp) is then selectively projected or scanned onto this sheet to harden a defined portion of it. The unscanned, unhardened portion is dissolved away by a solvent. The thin layers formed in this way are subsequently stacked together to form a casting mold. In 1974, DiMatteo recognized that these same stacking techniques could be used to produce surfaces that are particularly difficult to fabricate by standard machining operations. In one embodiment, a milling cutter contours metallic sheets, these sheets are then joined in layered fashion by adhesion, bolts, or tapered rods as depicted in Fig. 3 . This process has obvious similarity to the earlier 19th century work. In 1979, Professor Nakagawa of Tokyo University began to use lamination techniques to produce actual tools such as blanking tools, press forming tools, and injection molding tools. A laminated punch tool and the resultant part are shown in Fig.4 . Photosc pture Photosculpture arose in the 19th century as an attempt to create exact three-dimensional replicas of any object, including human forms.
One, somewhat successful realization of this technology was designed by Frenchman Frangois Willeme in 1860. As shown in Fig. 5 , a subject or object was placed in a circular room and simultaneously photographed by 24 cameras placed equally about the circumference of the room. An artisan then carved a 1/24th cylindrical portion of the figure using a silhouette of each photograph as seen in Fig. 6 .
In an attempt to alleviate the labor-intensive carving step of Willeme's photosculpture, Baese described a technique using graduated light to expose photosensitive gelatin that expands in proportion to exposure when treated with water. Annular rings of this treated gelatin could then be fixed on a support to make a replica of an object as shown in Fig.7 . Monteah developed similar techniques. In some of the earliest work in Japan, Morioka developed a hybrid process between photosculpture and topography. This method uses structured light (black and white bands of light) to photographically create contour lines of an object. These lines could then be developed into sheets and then cut and stacked or projected onto stock material for carving. 
Development of Modern FF Techniques
In 1951, Munz proposed a system that has features of present day stereolithography techniques. He disclosed a system for selectively exposing a transparent photo emulsion in a layerwise fashion where each layer comes from a cross section of a scanned object. Lowering a piston in a cylinder and adding appropriate amounts of photo emulsion and fixing agent create these layers. After exposing and fixing, the resulting solid transparent cylinder contains an image of the object. Subsequently this object can be manually carved or photochemically etched out to create a three-dimensional object. This system is shown in Fig. 8 .
Early Solid Freeform Fabrication
In 1968, Swainson proposed a process to directly fabricate a plastic pattern by selective, three dimensional polymerization of a photosensitive polymer at the intersection of two laser beams. Parallel work was conducted at Battelle Laboratories. The essential features of this process, termed Photochemical Machining, are depicted in Fig. 9 . The object is formed by either photochemically crosslinking or degrading a polymer by simultaneous exposure to intersecting laser beams. Although laboratory hardware was constructed, it is not believed that a commercially viable process was achieved.
Ciraud proposed a powder process that has all the features of modem direct deposition FF techniques in 1971. This disclosure describes a process for the manufacture of objects from a variety of materials that are at least partially able to melt. To produce an object, small particles are applied to a matrix by gravity, magnetostatics, electrostatics, or positioned by a nozzle located near the matrix. A laser, electron beam,or plasma beam then heats the particles locally. As a consequence of this heating, the particles adhere to each other to form a continuous layer. As shown in Fig. 10 , more than one laser beam can be used to increase the strength of the union between the particles. In 1979, Housholder presented the earliest description of a powder laser sintering process in a patent. He discussed sequentially depositing planar layers and solidifying a portion of each layer selectively. The solidification can be achieved by using heat and a selected mask or by using a controlled heat scanning process, Fig. 11 .
Hideo Kodama of Nagoya Municipal Industrial Research Institute was the first to publish an account of a functional photopolymer rapid prototyping system. In his method, a solid model is fabricated by building up a part in layers where exposed areas correspond to a cross-section in the model. He studied three different methods for achieving this, Fig. 12 : (a) Using a mask to control exposure of UV source and immersing the model downward into a liquid photopolymer vat to create new layers; (b) Using a mask as in (a), but the mask and exposure is positioned on the bottom of the vat and the model is drawn upward to create a new layer; (c) Immersing the model, as in (a), but using an x-y plotter and an optical fiber to expose the new layer.
Herbert conducted a second, parallel but independent effort at 3M. Herbert describes a system that directs a UV laser beam to a photopolymer layer by means of a mirror system on an x-y plotter, Fig. 13 . In Herbert's experimental technique, a computer was used to command a laser beam across a layer, the photopolymer vessel was then lowered (1 mm), and additional liquid photopolymer was then added to create a new layer. Although very intricate parts can be produced by freeform fabrication equipment today, the first parts out of these types of systems required a good deal of faith that improvements would occur. Shown in Fig. 14 represents one of four broad areas of current commercial application: photnpolymers. The approach is characterized by layerwise conversion of a liquid photopolymer selectively to a solid or gel-like state by selective exposure to light. Fig. 16 is a schematic of the 3D Systems process. Other commercial photopolymer machine vendors are EOS (Germany) and CMET (Japan).
The second broad category of processes is deposition. A material stream is deposited without point-source heating such that selectivity is governed by motion of the material stream. Fig. 16 shows the concept for the filament approach, Fig. 17a , and for the ink jet approach, Fig. 17b . The leading commercial vendor of filament machines is Stratasys, and ink-jet machines are being marketed by Solidscape (formerly Sanders), 3D Systems (thermojet) and Soligen (casting cores/patterns). The third category of freeform fabrication processes involves lamination. Material is applied in sheet form. Process steps involved cutting of the cross section in the sheet and attachment of the sheet to the build, not necessarily in this order. Fig.18 shows a concept set-up for laminated object manufacturing (Helisys/Solidica/Cubic Technologies). KIRA in Japan markets a PLT stack-and-cut system. Process. Here sheet is rolled into place, attached to the part build with adhesive followed by cutting of the shape and waste parting lines.
The last category of freeform fabrication processes centers around application of material in powder form and selective formation of the part by a localized heat source. Variations are selective laser sintering in which powder is spread in a layer followed by selective scanning of a laser, and powder spray in which powder is deposited locally coupled to a scanning laser beam. Fig. 19 illustrates these variations. Commercial producers of selective laser sintering equipment are 3D Systems (formerly DTM) and EOS in Germany. Powder spray commercial vendors are Optomec LENS and AeroMet LAM.
Future Trends
Freeform fabrication is a robust collection of technologies whose processes and applications are continuously evolving and expanding into new areas. Described here are nearterm applications as observed in the research community tied to the particular qualities of FF.
Freeform fabrication enjoys specific advantages over other convention manufacturing technologies. Since the process is material-additive, complex internal features can be produced, such as conformal cooling channels in injection molds. This feature also allows for in-build insertion of in-situ sensors at locations impossible to reach once the part is produced.
Freeform fabrication technologies have minimal design constraints on part geometry, and changes to geometry are easily effected. This enables mass customization with applications in the medical field such as dental restorations, prosthetics, and orthopedics. More recently, several researchers have been working with custom biological scaffolds to assist in regeneration of living matter. In conventional manufacturing, there is a relatively steep cost dependence on geometric complexity. In freeform fabrication, this is not the case, so utilization is favored by complex geometry coupled to short production runs. Tooling for conventional manufacture has historically been a desire, and a number of the FF equipment manufacturers have developed strategies for creating production tooling. Several non-engineering applications are also based on the ability of freeform fabrication to produce complicated geometries in short runs. These include artwork, jewelry and architectural models.
Several long-term challenges exist in freeform fabrication. First is the need to improve surface finish in 2003"N11OEŽ FF parts. Current practice involves hand finishing. The trend is towards non-tactile post processing techniques, but perhaps new FF processes will be developed that address this critical technological aspect. A second challenge is FF of mesoscale and perhaps nanoscale objects. Examples are print heads and fiber-optic coupling devices, although success in this area would be expected to spill over into MEMS and nanostructures. A third area of FF challenge particularly suited to the powder technologies is creation of novel microstructures for advanced engineering applications. Examples include directionally solidified components, parts with compositional gradients and nonequilibrium microstructure. A last future challenge is successful commercialization of a multiple materials FF machine. While some isolated success in the research community has been achieved, significant challenges remain in the area of material delivery and computational representation of compositionally graded structures.
Summary Freeform fabrication (FF) has roots in topography and
photosculpture that date back to the mid-1800s. The first known FF process, defined as tool-less, layer-wise part creation enabled by computer control, is attributed to Swainson's who patented an apparatus for selective, three dimensional polymerization of a photosensitive polymer at the intersection of two laser beams. 3D Systems successfully commercialized FF technology in 1988 with their first shipment of a stereolithography machine. Currently, there are about one dozen commercial FF machine producers worldwide. The processes may be categorized as photopolymer (3D Systems, EOS, CMET), deposition (Stratasys, Solidscape, 3D Systems, Soligen) lamination (Cubic Technologies, KIRA) and powder (3D Systems, EOS, Optomec, AeroMet). Key applications of FF being researched are parts with complicated internal features, mass customization, tooling, artwork, architectural models and jewelry. Future challenges to IF include surface finish, mesoscale/nanoscale FF, production of novel microstructures with unique properties, and development of a commercial multiple materials FF machine.
